ABSTRACT In this paper, a bidirectional wireless information and power transmission model with an energy accumulating relay is studied. To implement wireless information and power transmission simultaneously, a time-switching protocol is adopted. In addition, two energy harvesting (EH) protocols are proposed. In the bidirectional continuous-time EH (BI-CT) protocol, the whole transmission block is divided into two parts: EH and information transmission. In the bidirectional discrete-time EH (BI-DT) protocol, the EH time is either 0 or 1. The relay first harvests energy and then forwards information from the user node to the source node. Notably, the relay node stores energy during poor channel conditions, increasing the energy efficiency. Theoretical analyses on the performance of the two proposed protocols are given. It is found that the throughput efficiency depends on various system parameters, such as the transfer power at the relay, distance between the nodes, noise power, and SNR detection threshold. Furthermore, it is observed that BI-DT outperforms BI-CT when the noise power at the relay is high or the distance between the source and the relay is large.
I. INTRODUCTION
Recently, energy harvesting-based systems have attracted increasing attention in wireless communication networks. For example, compared with traditional wireless sensor networks (WSNs), in which sensors are powered by batteries, the application of energy harvesting avoids frequent battery recharging and replacement, reducing the cost [1] - [4] . For the purpose of harvesting energy, for example, when sensor nodes in wireless body area networks (WBANs) extract power from human activity, sensor nodes are placed in or around the human body. They can also derive limited energy from ambient heat, light, radio, or vibrations [5] . As the RF signal can carry both energy and information [6] , [7] , Nasir et al. [6] proposed simultaneous wireless information and power transmission (SWIPT). Remarkably, SWIPT improves the system performance of an orthogonal frequency-division multiplexing (OFDM) relaying system [8] . In cellular networks, power beacons are delivered over the air from base stations (BSs) to mobile devices using microwave radiation [9] , which provides mobile devices with practically infinite battery capacity and eliminates the need for power cords and chargers. Besides, the overhearing-based protocols that utilize the overheard interference as useful side information in the receiver design are proposed [10] - [13] . However, due to hardware restrictions, practical receivers are not able to decode information directly from a RF signal that transmits energy [14] , [15] . Generally, there are two kinds of protocols for receiver architectures: time-switching (TS) protocols and power-switching (PS) protocols.
In addition, due to the physical obstacles and the huge attenuations in radio channels, relay nodes are commonly utilized to help source nodes transfer power or information to the destination node [16] - [18] . Particularly, for the SWIPT system, relay nodes are often used as a key component in energy and information transmission. Niu et al. [19] consider both secure communications and wireless power transfer in both half and full duplex relay networks. In [6] , an energyconstrained relay network is investigated in which the relay node harvests energy from the RF signal and uses the harvested energy to forward the source information to the destination based on the two relaying protocols. On the basis of TS and PS protocols, Wang et al. [20] propose an adaptive receiving architecture in the SWIPT system with a helping relay. In this system, energy and information are transferred using an adaptive relaying (AR) protocol. In some cases, the user may be out of charge. If the user needs to transmit information to the source node when there is no energy remaining, the protocol could use the following mode: the user harvests energy from the source node first and then transmits the information in the inverse direction [21] .
Most studies on SWIPT systems assume that the channel state information (CSI) is perfect [22] , [23] . However, in practice, the CSI cannot be perfectly obtained due to the estimation process. Before data transmission, a training phase is needed to obtain the estimated CSI [24] . In such a process, the transmitter first sends pilot symbols to the receiver, and then, channel state information is obtained at the receiver. Through channel estimation, the obtained CSI is often affected by both the channel estimation error and the quantization error. In summary, it is necessary to consider an effective wireless communication system and algorithm with imperfect CSI or even without any CSI [25] . In an SWIPT relay system, the channel state changes frequently, and thus, adaptive resource allocation schemes should be investigated. Moreover, transferring a large amount of energy may cause energy waste due to the harvesting capabilities of the receiver. On the other hand, if the amount of delivered energy is small, transmission outages may occur [26] - [28] . Thus, it is important to accumulate the energy first, and based on a block-wise TS protocol, the whole block is used for either EH or IT. When the energy-constrained relay harvests enough energy, the next block is used for information transmission only [29] .
There are few studies on energy accumulating relays in bidirectional SWIPT wireless networks. In many cases, a one way relay is considered, and only a few works investigate two-way relays in SWIPT systems [21] , [30] . In this paper, we solve the problem in a bidirectional wireless information and power transmission system with an amplify-and-forward (AF) relay, and the TS protocol is considered. Two energy harvesting protocols are studied: bidirectional continuous time EH (BI-CT) and bidirectional discrete time EH (BI-DT). In the BI-CT protocol, EH and information transfer (IT) are achieved in one block, and in BI-DT, EH and IT are completed in different blocks, i.e., the whole transmission block is used for either EH or IT. Furthermore, in both protocols, energy accumulation is applied. Thus, not only is energy waste avoided, but also, the quality of service (QoS) of the transmission is guaranteed. The throughput efficiency is used as the performance metric, which is defined as the effective communication time over one time block. Finally, we analyse the results of throughput efficiency and show the numerical results. The main contributions of this work are summarized as follows:
• The bidirectional SWIPT is considered in our system and is applied to the case in which the user attempts to send information to the source but has less energy than needed to guarantee reliable communication, e.g., WBAN. For this purpose, two transmission protocols are proposed. In BI-CT, the duration of EH can be any fraction of the total block time. However, in BI-DT, the EH or IT time must be the whole block time. The protocols are surely attractive, as we do not need to have perfect CSI between the nodes, and the energy in the relay is accumulated until there is enough for IT.
• The analyses and expressions for throughput efficiency in these two protocols are derived, from which we see that the throughput efficiency depends on numerous parameters, such as the noise power and SNR detection threshold. In both protocols, when the transmission power of the relay becomes large, the throughput efficiency first increases and then decreases, which is similar to the trend found in [15] . Fixing other parameters, we find a value of the transmission power that maximizes throughput efficiency, based on which the relationship between the optimal throughput efficiency and the other parameters is observed.
• From our theoretical analysis and numerical results, we see that the proposed protocol performs better than the existing TS relaying networks because it switches between the EH and IT modes online based on the accumulated energy. The SNR detection threshold acts as the criterion, adjusting the value of the threshold. Transmission outage occurs less than in TS protocols by harvesting energy only when the channel state is poor. In addition, when the SNR of the receiver satisfies the threshold, the information transmission will begin applying the TS protocol. The rest of our paper is arranged as follows: Section II describes the system model. Section III introduces the two relaying protocols in wireless power networks explicitly and presents the analytical expressions of the throughput efficiency. Section IV lists numerous results from simulations, and section V gives the conclusions and expectations. There are too many variables in our paper, so for motational convenience, the commonly symbols in Section II and Section III are summarized in Appendix A.
II. SYSTEM MODEL
In Fig.1 , a bidirectional SWIPT relay system is shown. There is no direct communication link between the source and user node. The source node, S, supplies energy to the user node, U , and U intends to transmit its information to S via a relay node, R. R plays a dual function in the system. On the one hand, it harvests energy from S and sends its to U . On the other hand, U transmits information to R, and then, R forwards it to S. The system model proposed in this paper considers the case that U intends to transmit information to U , it is quite meaningful in a wireless network for key information collection, such as the health detection system. Source node supplies the user with energy on the one hand, on the other hand, source collects the key information from user.
In addition, the energy stored in the relay is only for forwarding information to U or charging U . Energy is consumed when the channel state is good, and it is only used for transmitting U 's information; thus, energy spillage must not occur. For simplicity, both the relay and user nodes are assumed to be equipped with an infinite-capacity battery. We assume that S is supported by a fixed energy supply, such as the power grid, and energy for R and U is harvested from S using the received RF signal. The half duplex mode is considered here, so every node in our system is equipped with a single antenna. R adopts an AF protocol, and it is energy constrained; in other words, the transmitted energy from R cannot exceed the energy received by R. Furthermore, in this paper, the perfect CSI is not known between nodes. During the energy harvesting time, S acts as transmitter and does not acknowledge the CSI, U is the receiver of energy signal, knows the CSI. Similarly, for the process of reverse information transmission, the CSI is imperfect. Notably, we assume that the power consumption for the circuit at all nodes is negligible [6] . Loss in the circuit may indeed exist, and it is possibly not negligible; however, it is not a key factor in our system. In addition, the distance between nodes is long enough such that, compared with the process consumption, path loss is the primary energy consumption in our system. When receiving information, the accompanying noise is regarded as additive white Gaussian noise (AWGN). The channel gain between S and R is denoted as h, and that between R and U is denoted as g. Moreover, the distances between S and R and between R and U are set to d 1 and d 2 , respectively. The channel is quasistatic and exhibits frequency non-selective Rayleigh fading.
Based on the wise transmission protocols and the idea of bidirectional transmission, a new system model and new relaying methods are considered. We divide the T seconds of the entire transmission block into two proportions, one for EH and one for IT. The EH time is used for energy harvesting for R and U , and the IT time is used for information transmission from U to R and from R to S. In the protocol of BI-CT, we define τ as the percentage of T used for energy harvesting. In one transmission block, the value of τ is constant, but it is different for different blocks. To be more exact, under a bad channel condition, τ is large because, for the same energy, R must spend more time harvesting energy. Conversely, for good channel conditions, τ is small. In detail, the time allocation in one block is as follows: during the first τ T , R harvests energy from S, and half of the remaining time, 1−τ 2 T , is used for information transmission from U to R. The other half of the time is for IT from R to S and EH for U .
For the BI-CT protocol, the value of τ is an arbitrary value between 0 and 1, and for the BI-DT protocol, it is equal to 0 or 1. In any transmission block, switching between EH and IT is performed online based on the energy accumulated in R. In the next section, the two transmission protocols are introduced in our bidirectional transmission networks.
III. RELAYING PROTOCOLS
In this section, we aim to show the signal transmission model and give the expressions for the received signal at R and U , from which the information at S and the energy at U are obtained. Then, the expression for the outage probability is acquired, and the expressions for the throughput efficiency in the two proposed protocols are derived.
A. SIGNAL MODEL
As shown in Fig.1 , the signal received at R from U during the ith block, y r,i , is given by
where d 2 is the distance from R to U , g i is the channel gains between them for the ith block, m is the exponent of the path loss, d m 2 is the power attenuation. x u,i is the normalized signal sent from U , i.e., E x 2 u,i = 1, P u is the transmission power of U , and n r is the additive white Gaussian noise (AWGN). When the relay forwards the information to S, it adopts an AF relaying protocol with fixed power P r . After R harvests enough energy, the forwarding signal x r,i is given by
where
+ σ 2 nr is the power constraint factor at R, in fact, the AF relay could obtain the power constraint factor from the signal y r,i . σ 2 nr is the variance of the noise signal n r , and P r is the transmission power of the relay.
The signal received at S, y s,i , is given by
where h i and g i are the fading channel gains between R and S and between R and U for the ith block, and n s denotes the AWGN at S accompanying the information signal. d 1 is the distance from S to R, d m 1 is the power attenuation. After that, the signal x r,i transmitted from R to U is used for energy harvesting in U , which is the origin of the power P u . The signal received at U is represented as For the purpose of EH, and for simplicity, we consider a condition in which the user node cannot obtain the energy from the noise power. Then, it is reasonable to ignore the noise power n u , which is the AWGN at U . Thus, formula (4) is changed to
From the expression above, the signal-to-noise-radio (SNR) at S, γ i , is given by
By setting up the SNR detection threshold at the source, γ 0 , the outage probability is derived. In the ith transmission block, we regard a communication as suffering from as outage when γ i is smaller than γ 0 , and we denote O i as the outage indicator. It is given by
where 1(·) is a function that equals 1 when the hypothesis is true and 0 otherwise. From the expression of the outage probability, the SNR detection threshold has an immediate impact on the throughput efficiency. A high SNR detection threshold leads to low throughput efficiency.
B. BIDIRECTIONAL CONTINUOUS TIME EH PROTOCOL 1) DESCRIPTION
As shown in Fig.2 , the length of the total transmission block is constant, but in every block, the fractions used for EH and IT are variant. This is caused by the different channel states in the different blocks. In this protocol, the communication is finished in one block. During the time τ i T , the relay harvests energy from S, and the rest of time is for IT. On the one hand, half of the remaining time is used for information transfer from U to R. On the other hand, the other half of the time is for IT from R to S, and at the same time, U harvests energy from R during the second half, which can guarantee the IT from U to R. Moreover, we define E i (0) as the initial energy at each block. In this protocol, the value of the initial energy is 0 because all of the harvested energy is used for IT.
2) ENERGY ANALYSIS
According to the description above, the harvested energy at R is given by
where η is the energy conversion efficiency with the limitation 0 <η< 1, which we assume has an identical value in each block, and P s is the source transmission power, which is assumed to be changeless and constant. Furthermore, after receiving information from U , R intends to forward it to S. The fixed relay transmission power is assumed to be P r , and according to the value of this power, we find the energy needed for transmission, P r (1−τ i )T /2. As mentioned before, all the harvested energy is used in this process, and the equations regarding energy harvesting and transmitting are obtained. As mentioned in [29] , the value of τ i is derived as
From (9), the value of the numerator is smaller than that of the denominator, which means that 0 < τ i < 1. Thus, we prove again that for that BI-CT protocol, communication is finished in one block. In addition, the fraction of time for EH is related to the channel gains from S to R. When the channel state is good, R allocates less time to harvesting energy and more time to forwarding the information. When the channel state is bad, more time is allocated for R to harvest energy, and consequently, it transmits less information. From (5), the harvested energy at U from R is given by
In addition, the transmission power is derived as
3) THROUGHPUT EFFICIENCY ANALYSIS
The SNR expression is given by substituting (11) into (6):
We refer to the definition of throughput efficiency in [29] . Then, the throughput efficiency in each block with a time of T seconds, R i , is given by
R i represents the percentage of time in which the system can communicate successfully, which means the effective communication time in one block. The values of O i and α i are related to h i and g i , and thus, the throughput efficiency is different for different blocks. To obtain the throughput efficiency for the whole transmission, we will take the average of R i , where i is infinite.
Theorem 1:
The throughput efficiency of the whole transmission is obtained by averaging R i . Then, the expression for the throughput efficiency, R, of the BI-CT protocol is given by
The proof is given in Appendix B.
C. BIDIRECTIONAL DISCRETE TIME EH PROTOCOL 1) DESCRIPTION
The BI-CT protocol allows energy accumulation and IT in one block, but during the EH phase, R must continuously detect the energy itself until it has enough energy to forward information. However, in the BI-DT protocol, the fraction of one block used for EH, τ i , is either 1 or 0, which means that the whole block is used for either EH or IT, respectively. The whole transmission process cannot finish in one block, which is different from the BI-CT protocol. In addition, the relay only needs to detect its energy at the start of each block, and if E i (0) is smaller than the energy detection threshold, then the next block will be entirely for EH until E i (0) is larger than the energy detection threshold, after which IT will occur. As shown in Fig.3 , after X blocks for EH, the initial energy of the (X + 1) th block is larger than the detection threshold. Next, for the IT phase, half of the block time, T /2, is for IT from U to R, and the other T /2 is for IT from R to S. At the same time, U harvests energy from R for the next information transmission. Moreover, the energy detection threshold can be given as T 2 P r .
2) ENERGY ANALYSIS
If one block is used only for energy harvesting, the energy accumulation at R is given by
If the block is used for IT, the energy consumption at R is given by The relationship between E i (0) and τ i mentioned above is given by
In addition, the relationship between the accumulating energy E i (T e ) and τ i is given by
Furthermore, the process of energy harvesting at U in the second T /2 is analogous to the BI-CT protocol. From (11), the transmission power at U is independent of T . As the transmission power here is the same as (11), we do not discuss it.
3) THROUGHPUT EFFICIENCY ANALYSIS
The definition (13) is also suitable for the BI-DT protocol. From the expression, R i is related to O i and τ i . In addition τ i is a variable related to E i (0) and the number of blocks of EH, X . Here, we define the variable X = X − 1. After EH lasts X blocks, the energy approaches the energy threshold, and thus, it will exceed the threshold in the next block. Compared with the BI-CT protocol, the BI-DT protocol is different in that during the IT phase, the energy will not be used up at the end of the block. Thus, the initial energy, E i (0), is not equal to 0 at the beginning of each block. According to [29, Lemma 1] , the accumulated energy at the start of any block, E 0 , is subject to an exponential distribution with mean λ,
where λ = 
Theorem 2:
The expression for the throughput efficiency, R, of the BI-DT protocol is given by
Proof: The proof is given in Appendix C.
IV. PERFORMANCE EVALUATION
In this section, simulation results are presented to demonstrate the performances of the two proposed protocols. MATLAB is applied in this paper for the simulation, besides, in order to obtaining the optimal, we adopt the traversal search. Unless otherwise specified, the distance from S to R is set to 5 m, and the distance between R and U is set to 2 m. The transmission power, P s , is 46 dBm, and the path loss exponent is 3. We set the energy conversion efficiency to η = 0.5 or η = 0.7. In addition, the SNR threshold, γ 0 , is 60 dB. It is assumed that the noise power at S and R are σ ns = −100 dBm and σ nr = −70 dBm, respectively. In order to show the impact of various system parameters on performance. In Fig.4 , the system outage probability versus the parameters (P r , d 1 , γ 0 and σ 2 ns ) according to the expression (7) are shown. by affecting the outage probability directly, each parameter has influence on the throughput efficiency. From (a) in Fig.4 , the outage probability diminishes when the P r increases, however, a higher P r occupied more time for energy harvesting, leading to a lower throughput efficiency as shown in Fig.5 . From the (b), (c) and (d), from a horizontal perspective, the outage probability changed with the each parameter are shown. From a vertical perspective, for example, it is obvious that while the γ 0 = 70 dB in (b), the curve when the P r = 30 dBm is below to the P r = 20 dBm obviously. Following the throughput efficiency versus the each parameters is shown respectively. In Fig.5 , the throughput efficiency is shown according to Theorem 1 and Theorem 2, showing that the simulation results match the analytical results perfectly. The value of P r varies between 0 dBm and 40 dBm. From Fig.5 , the throughput efficiency for both protocols increases first and then decreases with increasing P r . This is mainly due to the fact that when the transmit power is not large enough, the possibility of a transmission outage increases, affecting the throughput efficiency performance. On the other hand, when the transmission power is high, from (9), the time for IT is short, and the throughput efficiency is relatively small. It is observed that there is an optimal transmission power that, given fixed parameters, maximizes the throughput efficiency. In addition, how the energy conversion efficiency, η, affects the throughput efficiency performance is shown. With a fixed transmission power, the throughput efficiency for η = 0.7 is better than η = 0.5 for the same protocol. Fig.6 and Fig.7 plot the optimal throughput efficiency versus noise power of the relay and source when they receive information. In fact, from Fig.5 , the optimal throughput efficiency is obtained by searching for the optimal transmit power at R. An optimal value of P r can always be selected to maximize the throughput efficiency with fixed noise power. In addition, as shown in Fig.6 , we should find different transmission powers at R for obtaining the optimal throughput efficiency. For different noise powers, the optimal transmission power and throughput efficiency are different. From these two figures, the throughput efficiency diminishes when the noise power increases. When the noise power is high, the performance of BI-DT is better than that of the BI-CT protocol. When the noise power is low, the BI-CT protocol obtains a better performance. The change in energy conversion efficiency does not affect the superiority of the two protocols. From the Fig.7 , when the noise power of source is from -100dBm to -80dBm, the optimal throughput efficiency has a little change, so consider the actual situation, we can choose the lower one, such as -80dBm, it is easier to implement without reducing system performance. In Fig.8 and Fig.9 , the optimal throughput efficiency for the two protocols are plotted against d 1 and d 2 . In Fig.8 , the distance between R and U is fixed, and the distance between S and R is varied. The distance from R to U , d 2 , is set as 2 m, and d 1 varies from 2 m to 9 m. In Fig.9 , we fix the distance between S and R, and the distance between R and U is varied. d 1 is 5 m, and d 2 is varied between 2 m and 9 m. It is found that both curves are monotonically decreasing. When the value of d 1 or d 2 is fixed, increasing the other distance causes larger attenuation. Correspondingly, the frequent outages lead to a decline in throughput efficiency. Moreover, from Fig.8 , it is seen that when the distance between S and R is less than 6 m, BI-DT has better performance. When d 1 is larger, the BI-DT protocol performs better. Interestingly, from Fig.9 , whenever the distance between R and U changes, BI-DT always outperforms BI-CT.
We analyse the optimal throughput efficiency versus the different placements of R in Fig.10 , where the distance between S and U is 11 m, and we vary the position of R between them. We define the distance between R and U as d. From this figure, when the distance between S and R becomes larger, the optimal throughput efficiency of both the BI-DT and BI-CT protocols decrease. Actually, this is because the energy used for transmitting information is not sufficient. When R is far from S, the large energy loss causes more transmission outages. For the same energy conversion efficiency, the throughput efficiency of the BI-DT protocol has a better performance than the BI-CT protocol when the distance between R and U is 4 − 5 m.
In Fig.11 , the optimal throughput efficiency of the two protocols are plotted against the SNR detection threshold γ 0 , which ranges from 40 dB to 80 dB. The throughput efficiency decreases as γ 0 increases. This is because a larger detection threshold may result in frequent interruptions in information transmission. When γ 0 = 55 dB, the efficiency of successful information transmission of the BI-CT protocol is approximately 6% higher than that of the BI-DT protocol. Interestingly, the performance of the BI-CT protocol when VOLUME 6, 2018 
V. CONCLUSIONS AND EXPECTATIONS
In this paper, a bidirectional SWIPT system with an energy accumulating relay is studied. In this system, the energyconstrained relay adopts a TS protocol for wireless energy harvesting. Two energy harvesting (EH) protocols, bidirectional continuous time EH (BI-CT) and bidirectional discrete time EH (BI-DT), are proposed and evaluated theoretically. In this system, a relay first harvests energy from the RF signal transmitted by the source node and then uses this energy to forward the information received from the user node to source node. Moreover, a theoretical analysis on the throughput efficiency of the considered scenario is introduced, and a performance evaluation is presented. It is remarkable that although the protocols we proposed are used for point-to-point systems in this preliminary work, they can be applied the multiple node networks such as MISO and MIMO. In addition, these protocols will be improved in the cases of battery capacity and noise power for circuit consumption.
APPENDIX A
See Table 1 .
APPENDIX B PROOF OF THEOREM 1 IN (14)
By averaging the expression (13), we can acquire the expression for the throughput efficiency of the whole communication process,
From (9), the factor τ i is independent of g i , so (22) is decomposed into 
As mentioned before, |h i | 2 and |g i | 2 follow an exponential distribution with unit mean, according to which we obtain the 
We have finished the inner expectation of (23), and we then find that the outer expectation for the entire expression of the throughput efficiency, R, in (23) We have acquired the throughput efficiency of the whole communication process in (22) . For BI-DT, the definition of the throughput efficiency is identical, so we use (22) again. From the description in the BI-CT protocol, the outage indicator, O i , is relevant to the channel gains in the present block, and the time allocation factor, τ i , is dependent on the initial energy at the block, E i (0), which is based on the S → R channel gains of previous blocks. Thus, O i is independent of τ i , and the expression in (22) is transformed to
From (27), we obtain the expression E h i−1 h i−2 ··· {1 − τ i } denotes the expectation for the amount of IT blocks. From Fig. 2 , the probability that any block is for IT is given by
After some manipulations, we can find the expression for E X (X ) according to Appendix C of [29] as
By substituting (31), (32) and (33) into (30), we obtain the result in Theorem 2.
